This study reports useful application of biodegradable polymeric materials functionalized with silver nanoparticle (AgNPs) biosynthesized from cocoa pods as effective adsorbent for dye wastewater purification. Corn starch and hen feather were functionalized with AgNPs for adsorption of rhodamine B (Rh-B). All adsorbents were characterized by Fourier transform infrared spectroscopy, scanning electron microscopy and X-ray diffraction. Decreased intensities of peaks, superior rougher cavities and smaller grain diameter of functionalized biomaterials affirmed the functionalization. Effects of pH, contact time, initial Rh-B concentrations and temperature were investigated and found to be significantly important. Four isotherm models were used to describe the adsorption process with Freundlich being the most suitable for all adsorbents indicating Rh-B adsorbed on heterogeneous multilayer surfaces of adsorbents. AgNPs modification greatly enhanced maximum monolayer adsorption capacities (q max ) of feather (4.27-56.53 mg g −1 ) and starch (1.176-48.60 mg g −1 ) by 30-and 40-fold respectively. Kinetic rates of adsorption for starch best fitted Elovich, pseudo first order for feather whereas pseudo second order best suitable for starch-AgNPs and feather-AgNPs. Energies (3.89-7.68 kJ mol −1 ) of adsorption suggest that adsorption of Rh-B onto the adsorbents was by physiosorption. The negative values of ∆H° and ∆G° imply that adsorption processes were exothermic and spontaneous. Results in this study show that surface functionalization of starch and feather improved their adsorptive performances and will find valuable applications in dye remediation due to their biodegradability and cost-effectiveness.
Introduction
Effluents resulting from applications of dyes in textile, papers, leather, plastics and paints industries have been burdens on ecology and aquatic ecosystems leading to disruption of biological and ecological processes in water such as decreasing dissolved oxygen (DO), increasing chemical oxygen demand (COD), imparting colour, odour and taste which are not desirable. These effluents are non-biodegradable, and bio-accumulate with time in aquatic fauna which are eventually consumed by animals and humans. Dye effluents are carcinogenic, mutagenic, genotoxic, nephrotoxic, mutagenic, hepatotoxic and prompt allergic reactions [1] [2] [3] [4] .
Rhodamine B is a synthetic cationic dye belonging to xanthene class. It is basic, highly reactive and find applications in textiles, paper, drinks, foods and leather owing solubility in water and excellent fastness. Rh-B has been reported to irritate the skin, eyes, respiratory tracts, induce hormonal disturbances in addition to being neurotoxic and genotoxic. Also, it readily undergoes anaerobic degradation in water producing carcinogenic amines from reductive amination and remediation using conventional and biological methods has not yielded great results due to its complex structure, toxicity and high molecular weight [5] [6] [7] [8] [9] [10] [11] [12] .
Adsorption provides one of the best ways of dye removal and as such has been applied for Rh-B uptake with different adsorbents such silver nanoparticle from cobweb [3] , activated carbon [4] , ferrocene-functionalized carbon nanotubes [5] , acid and alkaline-functionalized Musa paradisiaca biochar [6] , nanocomposite hydrogel [7] , animal bone meal [8] , exhausted coffee ground [9] , gelatin/activated carbon composite beads [10] , Fe/ZnO-shell shrimp nanocomposite [11] , polar-functionalized post-cross-linked resins [12] , calcined egg shell [13] , seeds of Aleurites moluccana [14] , zinc oxide loaded activated carbon [15] and anodic porous alumina in sodium dodecyl sulphate solution [16] amongst other methods. Although, excellent adsorptions of Rh-B have been achieved with these adsorbents, drawbacks from their applications relating to limited abundance, low adsorption capacity, lack of reproducibility, renewability, biodegradability in addition to expensiveness and probable secondary pollution which could create distress in the environment required the use of biodegradable bio-composite which are abundantly available. To avoid these shortcomings, polymeric biodegradable, low-cost, easily accessible, abundantly available and environmental-friendly adsorbents like starch and feathers are better substituents. This is connected to their properties which are adjustable surface chemistry, natural, renewable and facile regeneration and simple processing techniques [3, 6, 11, 17, 18] .
Large quantities of hen-feather are generated daily and are seen as wastes, so, are mostly buried and burnt-off. Feathers are fibrous protein containing high keratin contents with different functional groups such disulphide linkages (S-S), carboxylic group (-COOH) and amide group (-NH 2 ) [19, 20, [31] [32] [33] [34] . These are inexpensive, flexible, hydrophobic, eco-friendly and cheap adsorbents that have been effectively applied to adsorb pollutants. Thermally and chemically functionalized feathers have been reported with improved adsorption efficiencies [19] [20] [21] .
Starch is a natural, biodegradable, and eco-friendly biopolymer that can be obtained mostly from tubers and corms. It has limited applications because of its low adsorption capacity and low porosity which can be enhanced by functionalization to enlarge its pores, influence its crystallinity as well as adjust its surface chemistry with introduction of active sites to improve its sorption capacity since adsorptive performances depend on surface area, pore sizes, shapes and volume, surface charge and reactive sites [18, 22] . Starch derivatives have been chemically prepared using etherification, oxidation and esterification reactions. These have been achieved by chemically introducing reactive functional groups or grafting reactive side chains to positively influence adsorptive properties [6, [23] [24] [25] [26] . These starch derivatives have been reported for adsorption of dyes with appropriate improved efficiencies. However, chemical modification is expensive yielding non-biocompatible and non-biodegradable derivatives with different degrees of toxicities [26] . Consequently, functionalization with low-cost and eco-friendly materials is thus important to avoid toxicity arising from using chemicals. Biogenic and non-toxic silver nanoparticles synthesized using cobweb and cola pods extracts have been used to modify activated carbons and these improved significantly adsorption capacities [27, 28] .
In this present study, AgNPs functionalized starch and feather were preferred as substitutes for removal of Rh-B as this places significance on polymeric waste materials for adsorption to reduce their environmental burden, and promote their sustainable applications in the production of biodegradable and regenerative adsorbents. It is consequent upon these reasons that this study was designed to use biodegradable, low-cost, easily accessible and abundantly available adsorbents functionalized with biologically synthesized silver nanoparticles from cocoa pods to improve their adsorption performances for the removal of Rh-B. AgNPs was used for functionalization as it has been previously reported to be good adsorbent for dye removal due to its large surface area and high reactivity [3] .
Materials and Methods

Biosynthesis and Characterization of AgNPs
AgNPs used in this study were biologically synthesized using extracts of cocoa pods as reported by Lateef et al. [28] . The scheme for the biosynthesis of AgNPs is shown in Fig. 1 . The biosynthesized AgNPs were characterized by UV-Vis spectroscopy, Fourier transform spectroscopy (FTIR) and transmission electron microscopy (TEM) following standard procedures.
Adsorbent Preparation and Functionalization
Hen feathers were obtained from Musty Kay farms, Ede, Osun State, Nigeria. They were washed with deionized-distilled water. Small size barbs were carefully cut to 0.1 mm long feather pieces excluding rachis. These were soaked in hydrogen peroxide (H 2 O 2 ) for 24 h to remove adhering organic materials. They were thereafter washed with deionized distilled water and later dried in the oven at 100 °C for 8 h.
Corn starch was bought at Oja-Oba in Osogbo, Osun State used without further purification.
Both adsorbents were functionalized with AgNPs according to the method described by Olajire et al. [27] . This was done by reacting 5 g of each adsorbent with 100 ml of 10 µg ml −1 AgNPs at 25 °C in a 250 ml conical flask. These solutions were dried in an oven at 80 °C. This gives 0.1 mg Ag in 1 g of starch and feather.
Adsorbent Characterization
Surface chemistry of raw and functionalized adsorbents were characterized by Fourier transform infrared spectroscopy (FTIR) (Model 500, Buck Scientific Inc.) in the range of 400-4000 cm −1 , scanning electron microscopy (SEM) (Bruker-X Flash 6130, Carl Zeiss, EVO 18 Research, Germany) and X-ray diffraction (XRD, Bruker ECO D8 Advance) with Cu-Kα with radiation maintained at λ = 1.541 A° in the 2θ range between 10° and 100°. Grain size was calculated with Debye-Scherrer formula (Eq. 1).
where g is the grain size, λ is the wavelength of X-ray, β is the full width at half maximum and θ is the diffraction angle.
Adsorbate Characteristics and Preparation
Rhodamine B with molecular formula C 28 H 31 N 2 O 3 Cl was purchased from Sigma-Aldrich, Germany and was used to simulate dye wastewater by preparing a stock solution of 0.1 g l −1 Rhodamine B (Rh-B).
Batch Sorption Study
Exactly 0.5 g l −1 of each adsorbent (starch, starch-AgNPs, feather, feather-AgNPs) was added to 50 ml of 50 mg l −1 Rh-B solution in a 250 ml conical flask. The flasks were where q t is amount of dye adsorbed per unit mass of adsorbent (mg g −1 ), C i is the initial dye concentration (mg l −1 ), C f is the final dye concentration (mg l −1 ), C t is the residual concentration at time t, V = Volume of dye solution (l) and M = mass of adsorbent (g).
Sorption Isotherms
Adsorption isotherms for the uptake of Rh-B were studied with Langmuir (Eqs. 4, 4a), Freundlich (Eq. 5), Tempkin (Eqs. 6, 6a) and Dubinin-Radushkevich (Eqs. 7, 7a, 7b) models [40] [41] [42] [43] where C e is the equilibrium concentration of Rh-B dye (mg l −1 ), q e is the quantity of Rh-B dye adsorbed onto the AgNPs at equilibrium (mg g −1 ), q max is the maximum monolayer adsorption capacity of adsorbent (mg g −1 ) and K L is the Langmuir adsorption constant (l mg −1 ).
Sorption Kinetics and Mechanism
Adsorption kinetics were studied using pseudo first order (Eq. 8), pseudo second order (Eq. 9), Elovich kinetic models (Eq. 10) and adsorption mechanism intra-particle diffusion model (Eq. 11). Adsorption kinetics were validated using correlation coefficient (R 2 ) and normalised standard deviation ∆q t (%) (Eq. 12).
where q e is the quantity adsorbed at equilibrium (mg g −1 ) and q t is the quantity absorbed at time t (mg g −1 ) and K 1 is the rate constant for the pseudo first order sorption in min −1 and t is time for adsorption in min. K 2 is the rate constant of the pseudo second order kinetic model in g mg −1 min −1 . K diff is the rate constant of intraparticle diffusion (mg g −1 min −1/2 ). α and β are constants depicting chemisorption rate and the extent of surface coverage respectively.
For normalised standard deviation, n is the number of data points, q exp and q cal of all adsorbents are the experimental and calculated adsorption capacities. Lower value of Δq t (% ) indicates close agreement between experimental and calculated data.
Sorption Thermodynamics
Thermodynamic parameters that explain spontaneity, energetics and the nature of adsorbate-adsorbent interactions were evaluated using Eqs. (13) and (14) . 
Results and Discussion
Biosynthesized AgNPs
The AgNPs were fairly spherical in shape with sizes ranging from 4 to 32 nm and have been shown to have antimicrobial, antioxidant and larvicidal activities [28] . The brownish colloidal AgNPs absorbed maximally at wavelength of 428.5 nm and was found to be stable without aggregation (Fig. 2 ).
Effects of AgNPs Functionalization on Surface Chemistry
Vibrational spectra of starch and functionalized starch are presented in Fig. 3 . The peaks at 3423 cm −1 for starch and 3419.90 cm −1 for functionalized starch are attributable
to hydrogen-bonded OH stretching while the peak at 2931.90 cm −1 in both is for methyl C-H bond stretching. The sharp peaks at 1643. 41 [30] . Shifts in the positions of these peaks are indications of AgNPs functionalization. The presence of all functional groups of starch in functionalized starch imply non-disruptive preservation of essential functional groups required for adsorption although more intense during functionalization.
Vibrational spectra of feather and functionalized feather are presented in Fig. 3 . These figures show characteristic absorption peaks attributed to CO-NH of peptide bonds. Characteristic absorptions of amide (N-H) appeared at 3304.17 and 3302.24 cm −1 for feather and functionalized feather respectively. This suggests little distortion of hydrogen bonding in N-H vibration. Other peaks arising from vibrations in the peptide bonds are referred to as amides I-III. The amide I band appears between 1700 and 1600 cm −1 corresponding to the presence of C=O stretching vibration of amide group. The peaks occurred at 1647.26 cm −1 for both adsorbents. Amide I gives sensitive information about types of protein and predicts its secondary structure. Amide I in this study suggests that functionalization did not change the α-helix of secondary structure [19, 20, [31] [32] [33] [34] . The amide II corresponds to N-H bending and C-H stretching vibrations that gives information about protein conformations. The amide II peaks of feather and functionalized feather appeared at 1531.53 and 1533.46 cm −1 . These are characteristic peak ranges of β-sheet [31] . The amide III band results from combination of C-N stretching, and N-H in plane bending with some contribution from C-C stretching and C=O bending vibrations. It usually appears in the range 1220-1300 cm −1 . Amide III peaks of feather and functionalized feather peaks occurred at 1236.41 and 1238.34 cm −1 . Peaks at 574.81 and 576.74 cm −1 for feather and functionalized feather respectively are characteristic of disulphide linkage (S-S) [31] [32] [33] . The peak at 1452.45 cm −1 for both feather and functionalized feather is a characteristic peak of the main chain of feather that can be used to relatively compare band intensities of α-helix and β-sheet [34] . Higher difference in peak intensities of functionalized feather at 1647 and 1533 cm −1 compared to feather's reveals functionalized feather was more loose which resulted from breaking down of hydrogen and disulphide bonds and correspondingly created more adsorptive sites [33] . Shifts in the peaks of disulphide, amides II and III bands could be responsible for the rougher surface of functionalized feather [33, 34] . Modification of feather with AgNPs led to the appearance of additional peak at 418.57 cm −1 . Results in this study are similar to reported values for chicken feather by Wenxin et al. [20] , Tesfaye et al. [31] , Cheong et al. [32] and Sila et al. [33] . [30] and Hebeish and Aly [35] . Reduction in grain sizes clearly indicates functionalization of starch with AgNPs [27, 36] . Figure 4c , d shows the morphological characteristics of feather and functionalized feather respectively. Functionalized feather was brittle, more porous, less compact, softer and had off-white colour. The softness and higher porosity could be products of protein manipulation during functionalization. Micrograph of functionalized feather shows larger pores and less oriented barbules than feather. This is in consonance with result reported by Belarmino et al. [39] for chemically functionalized chicken feather. This suggests that feather functionalized with AgNPs would possibly have higher adsorptive capacity than raw feather [27] . Fig. 5 ) and the grain size decreased by 0.029 nm. The lower the grain size, the better the adsorptive capacity. This is in consonance with reports of Olajire et al. [27] . Lower intensities of functionalized starch diffraction peaks are suggestive of rougher surfaces indicating probable higher adsorptive characteristics for functionalized starch [27] . These results are in agreement with previous reports of Wang et al. [20] , Gomes et al. [29] and Oyeyinka et al. [30] . Figure 5c , d shows the XRD crystal structures of feather and functionalized feather respectively. Eight peaks were obtained for feather while five peaks were obtained for functionalized feather. Disappearance of peaks from crystal structure of functionalized feather could be related to functionalization with AgNPs. This is consonance with infra-red data. Observed peaks correspond to JCPDS card number 78-1129. Functionalization with AgNPs decreased the percentage crystallinity from 25.2 for feather to 24.8 for functionalized feather. This shows that functionalization might have induced surface roughness on feather which is connected to enhanced adsorptive characteristics [31] [32] [33] [34] . Grain sizes calculated from Eq. (1) are 0.078 and 0.073 nm for feather and functionalized feather respectively. The effect of functionalization was revealed on sample D by shifts in peaks ( Fig. 5 ) and the grain size decreased by 0.005 nm. The diffraction peak at 2θ value of 11.34° corresponds to α-helix and peaks at 2θ values of 16.84°, 19.53° and 22.93° are attributed to β-sheet for feather. For functionalized feather, the peaks for α-helix increased to 2θ value of 12.66° and β-sheet shifted to 2θ values at 17.09° and 22.86° respectively with disappearance of a peak. Reduction in intensities of peaks and shifts in 2θ values of functionalized feather suggest decreased crystallinity and confirm the functionalization of feather. These results are in consonance with results of Tesfaye et al. [31] , Cheong et al. [32] and Sila et al. [33] but slightly different from reported values for 2θ of feather by Chowdhury and Saha [21] .
Effects of AgNPs Functionalization on Morphological Characteristics
Effects of AgNPs Functionalization on XRD Crystal Structure
Effect of AgNPs Functionalization on pH of Adsorption
Effects of pH on adsorption of Rh-B on adsorbents are presented in Fig. 6 . The surface charges and binding sites on adsorbents, degree of ionization and mobility of adsorbates are significantly influenced by pH [3] [4] [5] [6] . Maximum uptake of Rh-B was obtained for starch (63.4%) at pH 6.02, starch-AgNPs (64.7%) at pH 6.78, feather (68.7%) at pH 2.11 and feather-AgNPs (70.8%) at pH 2.04. Rh-B is a cationic dye and generally for cationic dyes, reduction in percentage adsorption at low pH is due to increase in positive charge on solution interface when adsorbent surface appears positively charged [3, 23, 24] . Maximum adsorption at pH 2.11 and 2.04 for both feather and feather-AgNPs respectively could be linked to neutralization of Rh-B cationic surface by the adsorbents due to protonation of amino acids which makes their surface negatively charged to facilitate adsorption of more Rh-B which surface was cationic (below pH 3.22) thereby increasing the percentage adsorption [17, 18, 23, 24] . Low adsorption percentages of Rh-B on starch and functionalized starch at acidic and basic pH could have been influenced by surface charges of starch and functionalized starch rather than dye solution pH which occurred from repulsion between cationic surfaces of Rh-B and both adsorbents' surfaces surrounded by H + . At pH above 3.22, Rh-B surface was anionic resulting to improved percentage adsorption until it reached a maximum for starch and functionalized starch at pH 6.02 and 6.78 respectively [6] [7] [8] 36] . Functionalization with AgNPs increased pH for maximum adsorption for starch and decreased pH for feather by hastening protonation of amino acids [31] [32] [33] [34] . Consequently, adsorption studies were done at respective maximum pH of adsorbents.
Effects of AgNPs Functionalization on Initial Concentrations of Rh-B
The results of effect of initial dye concentration on percentage uptake of Rh-B on different adsorbents are presented in Fig. 7 . Percentage adsorption increased with increase in concentration of Rh-B and follows the trend feather-AgNPs > starch-AgNPs > feather > starch with maximum adsorption of 79.16%, 78.14%, 43.33% and 40.56% respectively recorded for the highest concentration (50 mg l −1 ). The observed trend is attributable to the increase in the driving force of higher concentrations which enhances the sorption process. Equally, larger pore sizes and rougher surface with loose reactive sites resulting from functionalization greatly assisted in the adsorption process. This is in conformity with previous reports by Ojewuyi and Bello [24] , Olajire et al. [27] and Inyinbor et al. [36] . Figure 8 shows the effects of contact time on Rh-B uptake on the adsorbents. Rh-B uptake on adsorbents was initially rapid and gradually attained equilibrium at 30 min which implies that adsorbent-adsorbate were in dynamic equilibrium. Quantity of Rh-B adsorbed at time t (q t ) follows feather-AgNPs > starch-AgNPs > feather > starch. Initial instantaneous increase in q t is attributable to available abundant surface reactive sites on adsorbents which got occupied up as adsorption process progressed. This agrees with reports of Olajire et al. [27] and Amuda et al. [37] . Part of mechanisms which control the rate of adsorption is intra-particle diffusion. The possibility of involvement Starch-AgNPs of intra-particle diffusion affecting the adsorption process was studied and presented in Fig. 9 . Quantity of Rh-B adsorbed at time t (q t ) for intra-particle diffusion follows feather-AgNPs > starch-AgNPs > feather > starch. Two stage mechanisms were obtained for all adsorbents with the steeper first stage involving migration of adsorbate to adsorbent external surface driven by boundary layer diffusion while the gradual second stage involved low migration of adsorbate into the internal pores of adsorbents via intra-particle diffusion [27, 38] . The contribution of surface sorption as part rate controlling step ranges from feather-AgNPs > starch-AgNPs > feather > starch.
Effect of AgNPs Functionalization on Contact Time and Adsorption Mechanism of Rh-B Uptake
Effect of AgNPs Functionalization on Adsorbent Dosage for Rh-B Removal
Percentage Rh-B adsorbed increased with increase in adsorbent dosage from 0.1 to 0.5 g l −1 . This trend follows feather-AgNPs (70.51-83.23%) > starch-AgNPs (60.1-77.01%) > feather (12.64-25.52%) > starch (9.2-18.91%). This observed trend could be linked to increase in the adsorbents' surface area which also implies more adsorption sites for Rh-B to be adsorbed. This also agrees with results of SEM and XRD that functionalization enlarged pores of these adsorbents to trap more adsorbate [36, 37] . 
Effect of AgNPs Functionalization on Temperature of Adsorption
Effects of temperature on adsorption of Rh-B are presented in Fig. 10 . The temperature dependent study of Rh-B adsorption was done at 303, 313, 323 and 333 K. Percentage removal of Rh-B reduced with increase in temperature for all the adsorbents. The trend of temperaturedependent adsorption follows feather-AgNPs > starch-AgNPs > feather > starch. Binding forces between the adsorbents and adsorbate decreased with increase in temperature and consequently resulted in decreased percentage adsorption [38] . This also reveals that the adsorption process was exothermic in nature [3, 23, 24 ].
Effects of AgNPs Functionalization on Adsorption Isotherms
Results of various parameters obtained from the four isotherm plots are presented in Table 1 . Correlation coefficient (R 2 ) was used to determine which model best describes the adsorption process. The closer the R 2 to unity (1), the better the agreement between experimental data and isotherm model value and the best fit it is. Comparing R 2 of each isotherm for all adsorbents, it is evident that Freundlich isotherm best describes the adsorption of Rh-B onto feather, feather-AgNPs, starch and starch-AgNPs indicating multilayer heterogeneous adsorption process [21] [22] [23] [24] . The favourability of the adsorption process is confirmed if the value of R L is in the range 0 < R L < 1. As obtained in this study (Table 1) , R L values for starch, starch-AgNPs, feather and feather-AgNPs are 0.045, 0.135, 0.042 and 0.111 respectively confirming the favourability of adsorption process [3, [21] [22] [23] 36] . The maximum monolayer adsorption (q max ) capacities calculated for adsorbents ranging from feather-AgNPs > starch-AgNPs > feather > starch are 56.53, 48.60, 4.27 and 1.176 mg g −1 respectively. This reveals that functionalization with AgNPs greatly improved the adsorption performances of starch and feather which is agreement with FTIR, SEM and XRD results that rougher and more porous surfaces have higher adsorptive characteristics [5, 24, 27] . The improvements in adsorption capacity of functionalized feather and functionalized starch are 30 and 40 folds better than raw feather and starch respectively. These facile functionalized adsorbents have comparable to chemically and thermally functionalized feather and starch ( Table 2 ). K f and 1 ∕ n were calculated from Freundlich isotherm plot. When the value of 1 ∕ n is greater than unity, it implies cooperative adsorption and is used to estimate the intensity of adsorption [13, 27, 38] . As obtained in this study, the adsorption process was cooperative and exothermic [38] . Effect of functionalization was obvious in the reduction of heat of adsorption of feather and starch as obtained in the plot of Tempkin. Similar result has been reported by Adekola et al. [6] and Ojewuyi and Bello [24] .
sorption energy values (E in kJ mol −1 ) calculated from the slope of Dubinin-Radushkevich plots for starch, starch-AgNPs, feather and feather-AgNPs are 14.33, 4.09, 7.68 and 3.89 kJ mol −1 respectively indicating that the uptake of Rh-B onto starch was chemiosorption whereas it was physiosorption on other adsorbents [3, 27, 36] . Since adsorption of Rh-B on all adsorbents except starch was by physical adsorption, it indicates reversible nature of adsorption and easy regeneration of adsorbents [23, 24] .
Effects of AgNPs Functionalization on Adsorption Kinetics and Mechanisms
Kinetic parameters are important for adsorption studies because they predict the rate at which an adsorbate can be removed from aqueous solutions and provide valuable data for understanding the mechanism of sorption reactions. Calculated parameters of the various kinetic models and the validation results are presented in Table 3 . Pseudo first order, pseudo second order, Elovich kinetic models and intra-particle diffusion model were employed to describe Rh-B uptake onto the adsorbents. The goodness of fit between experimental and calculated data was determined by the correlation coefficient R 2 and validated by normalised standard deviation (%Δq t ) . R 2 of the best fit model must be the closest to 1 and %Δq t must be relatively low. Comparison of R 2 of pseudo first order, pseudo second order and Elovich kinetic models shows that Elovich model best fits the description of the rate of uptake of Rh-B on starch, pseudo first order for feather and pseudo-second order for starch-AgNPs and feather-AgNPs.
Relatively low values of %Δq t are also in consonance with R 2 values describing the rate of uptake of Rh-B on these adsorbents.
The parameters obtained from the plot in Fig. 9 are presented in Table 3 . K 1diff , C 1 and R 1 2 are the slope, intercept and correlation of the first steeper part respectively while K 2diff , C 2 and R 2 2 are the slope, intercept and correlation of the second nearly linear/gradual portion respectively. Multilinear profile w obtained for intra-particle diffusion model with steeper part describing the instantaneous sorption of Rh-B while the rate limiting step was described by the gradual part. Since the plot did not pass through the origin, it suggests that intra-particle diffusion was not the sole mechanism involved in rate-determining step [3, 24] . Higher values 
Effects of AgNPs Functionalization on Adsorption Thermodynamics
Thermodynamic parameters (∆G°, ∆H° and ∆S°) calculated from Van't Hoff's plot for adsorption of Rh-B on starch, feather, starch-AgNPs and feather-AgNPs are presented in Table 4 . Information about the spontaneity and energy contents of adsorption process is given by thermodynamic study [5] . Enthalpy (∆H°) and entropy (∆S°) of the adsorption were calculated from the slope and intercept of the Van't Hoff plots of ln K c versus 1 ∕ T respectively. Negative values of enthalpy (−∆H°) imply that the adsorption processes were exothermic in nature and entropy (−∆S°) values obtained indicate decreased randomness during adsorption. This is in consonance with values of n in Freundlich isotherm. The ∆G° values calculated at all temperatures were negative indicating the adsorption was spontaneous and feasible. However, at higher temperature adsorption process could not be sustained efficiently as the adsorption became less spontaneous with higher values of ∆G° [23, 24] . This may be attributed to increased adsorbate-solvent interaction rather than adsorbate-adsorbent interaction at higher temperature [23, 24] . Since the adsorption was exothermic, raising the temperature would lead to lower affinity and less dye being adsorbed at equilibrium.
Conclusion
This study has investigated the functionalization of biocompatible and biodegradable natural polymers with silver nanoparticles (AgNPs) biosynthesized using extracts of cocoa pods to improve their adsorption performances. Functionalized and raw adsorbents were characterised with Fourier Transform spectroscopy, scanning electron microscopy and X-ray diffraction. Rougher surface, change in surface chemistry with appearance of additional peak and less crystalline surfaces confirmed that functionalization truly occurred. Adsorption isotherm, kinetics and thermodynamic values obtained were significantly influenced by functionalization by raising adsorption capacities by 30-and 40-fold in starch and feather respectively alongside increasing the rates at which Rh-B was adsorbed in addition to lowering the energies required for adsorption. Results in this study show that surface functionalization of starch and feather improved their adsorptive performances and will find valuable applications in dye remediation due to their biodegradability and cost-efficiency.
